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Abstract 
    Long Term Evolution-Advanced (LTE-A) is a Fourth Generation (4G) standard of 
wireless communications that introduces high data rate, high performance, and low delay. 
These features of LTE-A resulted from the new techniques developed for wireless 
communications such as Multiple-Input Multiple-Output (MIMO) technique. At the heart of 
this technique is the Space Time Codes, which were developed by the researchers in recent 
decades to achieve the mentioned features. The designs of OSTBC codes for MIMO systems 
having any number of transmit antennas and any number of receive antennas have attracted 
the attention of many researchers. Based on the theory of real and complex orthogonal 
designs, this paper deals with the design of real and complex OSTBC codes to be used with 
real signal set constellation such PAM and complex signal constellation such as PSK and 
QAM. Real and complex OSTBC codes for MIMO systems with two, three, four, five, six, 
seven and eight transmit antennas and any number of receive antennas, are presented. Simple 
linear processing ML decoders are derived and presented. The used channel is Rayleigh 
fading channel MIMO and assumed to behave in a “quasi-static” fashion. Finally, the 
performances of OSTBC schemes were evaluated and compared in terms of the Bit Error 
Rate (BER) and Signal to Noise Ratio (SNR). The environment of simulation is MATLAB 
which is a powerful tool for mathematical calculation and system simulation. The methods 
of modulations chosen are QPSK, 16QAM, 64QAM, and 128QAM with gray scale mapping.  
Keywords: LTE-A, MIMO, STBC, OSTBC, Rayleigh Fading, BER. 
1. Introduction 
In recent years, Space-Time coding (STC) technique considered one of the most important 
Multi Input Multi Output ( MIMO) techniques [1-3]. STC can combat channel fading by 
transmitting several replicas of the same information through each antenna. By doing this, 
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the probability of losing the information decreases exponentially [4]. The block diagram of a 
typical STBC encoding system  is given in figure 1 [5].  
 
 
 
 
Figure(1): Block diagram of typical STBC encoder 
To transmit  bits, a modulation scheme is used that maps every  bits to one symbol from a 
constellation with  symbols. The constellation can be any real or complex constellation, 
for example PAM, PSK, QAM, and so on. In what follows, the recent published literature 
related to the research topic is reviewed. 
MIMO technologies use multiple antennas at both the transmitter and receiver to improve 
communication performance by offering significant increases in data throughput and link 
range without additional bandwidth or transmit power [5-7]. From the reviewed published 
literature, it is mentioned in [8] that the first bandwidth efficient transmit diversity scheme 
had been proposed in [9] where the authors make use of a special case of delay diversity 
proposed in [10]. In [11], space-time coding schemes has been proposed. In [12], first 
breakthrough, Alamouti had proposed a new space-time block coding technique utilizing a 
two-branch transmit diversity to code and transmit the data over two independent channels. 
Furthermore, it was shown that either using the simple Alamouti decoder [13] or the 
Maximum Likelihood (ML) [14] decoder. The received copies of the noisy signals can be 
easily combined and decoded. The decoding complexity of the Alamouti decoder has been 
demonstrated to be linear. The transmission scheme proposed by Alamouti (2×1 transmit 
diversity) was later generalized in [11, 15, 16] so that an arbitrary number of transmitting 
antennas can be employed and yet full diversity can be achieved, it is assumed that the 
channel state information is known to the receiver. Also, many communication schemes 
suitable for data transmission through multiple-antenna wireless channels have been 
proposed, including Bell Labs Layered Space–Time (BLAST) [17], space–time trellis codes 
[11], space–time block codes from orthogonal designs [16], and unitary space–time codes 
[18, 19]. It is worth mentioning that, Alamouti’s space-time block code has been established 
as a part of the W-CDMA and CDMA-2000 standards. In recent articles, [4, 6, 20], STBCs 
for three, four, five, and eight transmit antennas, with different rates were constructed. These 
orthogonal designs are with maximal rates. 
In this paper, it is intended to present a detailed design, theoretical analysis and 
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 investigation of the performance of many classes of OSTBC codes, such as real orthogonal 
space time block codes for real signal constellations such as PAM signal sets, and complex 
orthogonal space time block codes for complex signal constellations such as PSK and QAM 
signal sets. The performance of such systems will be evaluated and simulated using 
MATLAB.  
This paper is organized as follows: section 2 gives a brief background on STBC. Real and 
complex STBC with general analysis are presented in section 3. In section 4, simulation 
results are discussed. Finally, section 5 gathers the conclusions and future work. 
2. Transmission model of Multiple-Input Multiple-Output channels 
When wireless communication systems are using   transmit antennas and  receive 
antennas, they are called Multiple-Input Multiple-Output (MIMO) systems. Each signal goes 
from  transmit antenna to all receive antennas. Each pair of transmit and receive antennas 
provide a signal path from transmitter to receiver. Figure 2 shows such a transmission model. 
 
 
 
 
 
 
 
 
Figure (2): Multiple-Input Multiple-Output system model. 
Based on this model the received signal by the  antenna at time  due to signals 
transmitted from   transmit antennas can be expressed as follows 
                                                                 
Where  is the received signal from antenna  at time t,  is the channel coefficient,   
is the transmitted signal from antenna  at time  , and  is the noise sample of the receive  
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antenna   at time . 
In equation 1, the channel is flat fading that means each channel fades independently. 
Assuming a quasi-static channel, where the channel coefficients are constant over a frame of 
length T' and change from frame to frame, which is assumed in this paper. In matrix form, 
the overall transmitted signals from transmit antenna  at time  can be expressed by a 
 matrix as follows 
                                                          
Also the channel coefficients are gathered in a matrix form in a  matrix as follows 
                                                          
The Noise samples matrix is: 
                                                            
Therefore, the received signal in a matrix form can be written as follows 
                                                               
So, equation (1) can be written in a matrix form as follows [4, 6] 
                                                                                              
Another assumption is that the model is quasi-static slow fading such that the noise samples 
are independent samples of zero-mean circularly symmetric complex Gaussian random 
variables. This is an Additive White Gaussian Noise (AWGN) assumption for a complex 
baseband transmission. 
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3. Design of Orthogonal Space-Time Block Codes 
In this section the fundamental design issues of real / complex orthogonal STBCs are presented.  
3.1 Design of Real Orthogonal Space-Time Block Codes 
This is based on the well-known Radon and Hurwitz theory [6] for designing real orthogonal 
square and non square matrices. 
Definition 1 [6]: A real orthogonal design of size  is an  orthogonal matrix  with 
real entries  such that: 
                                                                          
Theorem 1 [6]: A real orthogonal design exists if and only if . 
The above theorem limits the number of transmit antennas to  . 
Next we refer to the following results which are used to generalize to non square matrices 
and show the existence of such matrices.  
Definition 2 [6]: A generalized real orthogonal design is a  matrix  with real entries 
 such that: 
                                                                         
where  is the  identity matrix and  is a constant. 
Theorem 2 [6]: For any number of transmit antennas, , there exists a full rate, , real 
STBC with a block size  , where the minimization is over all possible 
integer values of c and d in the set . 
3.2 Design of real orthogonal space-time block codes   
A real space-time block code is defined by  as a transmission matrix. Given a real 
constellation with  symbols, for each block of  bits, the encoder first picks  symbols 
 from the constellation. Then  is replaced by  in  to get  
. At time  the  element of  is transmitted 
from antenna . The rate of the code is defined by  . 
3.3 Design of Complex Orthogonal Space-Time Block Codes 
In the previous section all the designs only work for real signal constellations such as PAM  
signal constellations. So next, the schemes are extended in this section, to complex signal  
constellations such as PSK and QAM. 
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Definition 3 [6]: A complex orthogonal design of size  is an  orthogonal matrix  
with complex entries  and their conjugates 
 and multiples of these indeterminate variables by  or –j 
such that: 
                                                            
Complex orthogonal designs exist if and only if . 
The next definition and theorem provide a generalization to non-square matrices. 
Definition 4 [6]: A generalized complex orthogonal design is a   matrix  with 
complex entries  and their conjugates,  
and multiples of these indeterminate variables by  or –j such that: 
                                                         
To construct generalized OSTBC codes, we use the following construction method that is 
based on the above theory of the design of real OSTBC codes.  
Construction of generalized complex OSTBC 
Given a rate  real orthogonal design with a  transmission matrix . We note that 
 symbols are transmitted in each block of  time slots. The conjugate of   is a 
  denoted by  that is derived by replacing  with   in . We design a  
complex orthogonal design by concatenating    and   as follows 
                                                                                                     
The resulting complex OSTBC codes, generated using this construction technique are 
presented in the table in appendix A, for the following number of transmit antennas, 
 
3.4 Maximum-likelihood decoding and maximum ratio combining for  
        OSTBC codes 
In this section we review the maximum likelihood (ML) decoding and the maximum ratio 
combining (MRC) rules for the class of STBC codes considered in this paper. 
Based on the theory in [6], the probability distribution function (PDF) of the received signals 
for a known signal matrix  and channel matrix , denoted by ,  can written as follows 
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The Maximum Likelihood (ML) decoding decides in favour of a signal code  that maximizes 
 given above, which is equivalent to the following minimization problem: 
                                                 
By expanding equation 13 and noting that   is independent of the transmitted signal 
code , we obtain  
 
                                  
To ease the analysis, it is very common to consider only one receive antenna, denoted as the  
 antenna, then to generalize to multiple antennas as shown below.  
                            
Where  is the  column of  and   is the  column of . This is known as the 
Maximum Ratio Combining (MRC), which will be used later on. 
So, we consider only one receive antenna the   antenna , , the minimization 
problem reduces to the following 
                                    
The above minimization problem, takes different forms for different OSTBC codes. For the 
presented OSTBC codes, we present these forms in appendix B. 
3.5 OSTBC codes for eight transmit antennas MIMO systems 
Using the construction technique given in previous section, a complex OSTBC for eight 
transmit antennas can be obtained from a real OSTBC for eight transmit antennas given by 
the matrix code . The resulting code is having with rate   given 
by the matrix  in the table in appendix A. 
Maximum Likelihood (ML) Decoding 
The received signal by the  antenna at time  due to signals transmitted from the eight 
transmit antennas is     , which is written in matrix form as follows 
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 (17) 
The ML decoding algorithm is derived as follows 
Step1: Construct the decoding matrix , with then obtain 
its Hermitean transpose  by applying the following rule on the code matrix  
For the  symbol , the  element of   is defined by 
                                                              (18) 
The decoding matrix for this code is listed in the table in appendix A. 
Step 2: From the received vector and its transpose for the  receive antenna using the 
following rule [6]: 
                        (19) 
We get  
 
Step 3: Compute the estimates of the transmitted symbols  denoted by 
  by performing the product . These eight estimates are listed in appendix B. 
Step 3 : Given the computed estimates  , the ML decoder decides 
in favor  and over all possible values of   , ,  
and  by minimizing the following  eight separate cost functions: 
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3.6 OSTBC for 7, 6, and 5 transmit antennas MIMO systems 
By applying the same steps as above, we obtain the OSTBC codes and their decoding 
matrices for MIMO systems with 7, 6, and 5 transmit antennas and any number of receive 
antennas.  
1. For seven transmit antennas the resulting code is having with rate  
 given by the matrix  in the table in appendix A. This code is obtained by 
deleting the last column in  . 
2. Similarly, for six transmit antennas the resulting code is having with 
rate   given by the matrix  in the table in appendix A. 
3. Finally, for five transmit antennas the resulting code is having with 
rate   given by the matrix  in the table in appendix A. 
On the receiver side, we follow the same procedure as above, to derive the ML decoding 
equations. The computed estimates , are derived and listed in 
appendix B. The ML decoder decides in favour of  , ,    , ,   over all 
possible values of , ,  and  by minimizing the cost function given in 
equation (20), by putting  respectively. 
3.7 OSTBC codes for four transmit antennas MIMO systems 
In this subsection, we consider the design, analysis, performance evaluation of MIMO 
systems, with four transmit antennas and  receive antennas.  
Using the same construction technique, a complex OSTBC for four transmit antennas can be 
obtained from a real OSTBC for four transmit antennas given by the matrix code . The 
resulting code is having with rate   given by the  matrix  in the 
table in appendix A. 
On the receiver side, we follow the same procedure as above, to derive the ML decoding 
equations. The computed estimates , are derived and listed in appendix B . 
The ML decoder decides in favour of  , ,    over all possible values of , ,  
by minimizing the cost function given in equation (20), by putting . 
             
3.8 OSTBC for 3 and 2 transmit antennas MIMO systems 
In this section, we consider the design, analysis, performance evaluation of MIMO systems, 
with three transmit antennas and  receive antennas.  
Using the same construction technique, a complex OSTBC for four transmit antennas can be 
obtained from the complex OSTBC for four transmit antennas given by the matrix code  
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by removing the last column. The resulting code is having with rate  
 given by the matrix  in the table in appendix A. 
On the receiver side, we follow the same procedure as above, to derive the ML decoding 
equations. The computed estimates , are derived and listed in appendix B . 
The ML decoder decides in favour of  , ,    over all possible values of , ,  
by minimizing the cost function given in equation (20), by putting . 
           
For two transmit antennas, it was shown [6], the complex orthogonal design exits only for 
 , which is given by the following matrix  
                                                                                            (23) 
The ML decoder decides in favour of  ,   over all possible values of , , by 
minimizing the cost function given in equation (20), by putting  for . 
4. Simulation 
This section deals with performance analysis through simulations of OSTBC codes 
developed in last section. To compare the performance of OSTBC codes for various MIMO 
systems with any number of transmits antennas and any numbers of receiving antennas, 
extensive simulation scenarios have been performed using MATLAB. The OSTBC codes 
with different parameters have been considered. The communication system model used in 
this simulation is consisting of three major elements which are the transmitter, the channel 
and the receiver. On the transmitter side we consider the OSTBC encoder, on the receiver 
side the ML decoder is implemented and simulated as derived in last section. As stated 
earlier, it is assumed that the MIMO channel behaves in a “quasi-static” fashion, i.e. the 
channel varies randomly between burst to burst, but fixed within a transmission. The used 
channel model is Rayleigh fading channel because it is considered the preferred statistical 
model for multipath channels where there is no direct path between the transmitter and the 
receiver [5]. This channel model has independent identically distributed (i.i.d.) complex, 
zero mean, unit variance channel elements and is given by [4]: 
                                                       
The performances of OSTBC schemes are studied in terms of the Bit Error Rate (BER) and 
Signal to Noise Ratio (SNR). The environment of simulation is MATLAB which is a 
powerful tool for mathematical calculation and system simulation. A random sequence 
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generator is used for producing source data. The methods of modulations chosen are QPSK, 
16QAM, 64QAM, and 128QAM with gray scale mapping. These were done with varying the 
number of transmit antennas. The performances of the bit error rate (BER) for OSTBC with 
different numbers of transmit and receive antennas are shown in different figures depending 
on the modulation schemes used and number of transmit antennas. In these simulations, 10
4
 
blocks of symbols are simulated until at least 100 bit errors are obtained. The simulation is 
stopped when the SNR reached 40dB or after simulating 10
4
 blocks without errors. 
5. Result and analysis 
In this section we present the simulation results and the performance of OSTBC codes for 
MIMO systems with four, three and two transmit antennas and  receive 
antennas for different modulation schemes. 
Case 1: For four transmit and   receive antennas 
In this section, we provide and compare the simulation results for the implemented OSTBC-
MIMO system. For this case, we consider the two codes given by  (see appendix A) 
In this case the parameters are ,   is fixed to 1 and for the following modulations 
QPSK, 16QAM, 64QAM, 128QAM using the code denoted by . 
Figure (3): shows the simulated BER versus SNR for . 
 
 
 
 
 
 
 
 
 
Figure (3): Simulated BER vs. SNR for  and  
As observed from the figure 3, QPSK gives the lowest value of BER at SNR = 2dB, and also 
at SNR = 15dB. As expected, the performance in terms of the Bit error rate improves as we 
go for less number of signal points in the constellations, which means less number of bits per 
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symbol (Size of the constellation). From figure 3, it is observed that QPSK (two bits/symbol) 
is better than 16QAM (four bits/symbol) by approximately 9 dB at BER equal to  . 
Similarly 16QAM is better than 64QAM. 
Next, we compare the performance of the two codes given by  . The parameters are ,  
 is fixed to 1,2, and 4 and using the  16QAM modulation . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4): Simulated BER vs. SNR for  at  
By considering a fixed code for example  , to study the effect of number of receive 
antennas, we observe from figure 4, at BER  the gain obtained by using  over 
 is approximately 7 dB, while the gain obtained by using  over  is 
approximately 2 dB. The same result is obtained for the code  . 
To compare the performance between the codes  for fixed , we observe  from 
figure 4, that at low SNR  performs better than  by approximately 1 dB, while at high 
SNR   performs better than  by approximately 3 dB. For a fixed , it is observed  
from figure 4, that  performs better than  by approximately 3 dB. While for fixed 
, it is observed  from figure 4, that  and  performs almost equally for values of SNR. 
Case 2: For three transmit and   receive antennas 
In this section, we provide and compare the simulation results for the implemented OSTBC-
MIMO system for three transmit antennas. For this case, we used two codes given by 
 (see appendix A).  
In this case, we compare the performance of the two codes given by  . The 
parameters are ,   is fixed to 1,2, and 4 and using the  16QAM modulation . 
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Figure (5): Simulated BER vs. SNR for  at  
By considering a fixed code for example  , to study the effect of number of receive 
antennas, we observe from figure 6, at BER  the gain obtained by using  over 
 is approximately 7 dB, while the gain obtained by using  over  is 
approximately 2 dB. The same result is obtained for the code  . 
For fixed , to compare the performance between the codes  , we observe  
from figure 4.16, that at low SNR  performs better than  by approximately 1 dB, while 
at high SNR   performs better than  by approximately 3 dB. For fixed , it is 
observed  from figure 4.16, that  performs better than  by approximately 3 dB. While 
for fixed , it is observed  from figure 6, that   and  performs almost equally for 
values of SNR. 
Case 3: For two transmit and   receive antennas 
In this section, we provide and compare the simulation results for the implemented 
OSTBC-MIMO system. For this case, we used two codes given by . In this case, the 
parameters are ,   is varying as 1,2, and 4 and for the following modulations 
16QAM. 
Figure (6) shows the simulated BER versus SNR for 16QAM. 
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Figure (6): Simulated BER vs. SNR for  at  
As observed from the figure 7, four receive antennas gives the lowest value of BER at SNR = 2dB, 
and also at SNR = 8dB. This result is in accordance with the theory presented. So we conclude that 
the performance in terms of the Bit error rate improves as we go for more number of receive 
antennas. From figure 6, the gain by using  over  is approximately 6.2dB, while 
the gain by using the  over  is approximately 9.8dB. 
6. Conclusion 
This paper provided the detailed design of real and complex OSTBC codes to be used with 
real signal set constellation such PAM and complex signal constellation such as PSK and 
QAM. Real and complex OSTBC codes for MIMO systems with two, three, four, five, six, 
seven and eight transmit antennas and any number of receive antennas. Simple linear 
processing ML decoders were derived and presented. The used channel is Rayleigh fading 
channel MIMO and assumed to behave in a “quasi-static” fashion. The performances of 
OSTBC schemes were evaluated and compared in terms of the Bit Error Rate (BER) and 
Signal to Noise Ratio (SNR). The environment of simulation was MATLAB which is a 
powerful tool for mathematical calculation and system simulation. The methods of 
modulations chosen were QPSK, 16QAM, 64QAM, and 128QAM with gray scale mapping.  
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Appendices 
Appendix A: Transmission matrix and decoding matrix for OSTBC codes 
S. No.  Transmission Matrix  Hermitian of Decoding Matrix 
1 8 
 
          
2 7 
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3 6 
  
 5 
 
 
 4 
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Appendix B: Derivation of the decoding formulae for  transmit 
antennas MIMO systems. 
B.1:   
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B.2:   
 
 
  
  
  
  
  
                                        
B.3:   
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B.4:   
  
  
   
  
  
  
 
                                                                                  
B.5:   
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